Abstract Whole-genome and transcriptome sequencing were performed to identify potential therapeutic strategies in the absence of viable treatment options for a patient initially diagnosed with vulvar adenocarcinoma. Genomic events were prioritized by comparison against variant distributions in the TCGA pan-cancer data set and complemented with detailed transcriptome sequencing and copy-number analysis. These findings were considered against published scientific literature in order to evaluate the functional effects of potentially relevant genomic events. Analysis of the transcriptome against a background of 27 TCGA cancer types led to reclassification of the tumor as a primary HER2 + mammarylike adenocarcinoma of the vulva. This revised diagnosis was subsequently confirmed by follow-up immunohistochemistry for a mammary-like adenocarcinoma. The patient was treated with chemotherapy and targeted therapies for HER2 + breast cancer. The detailed pathology and genomic findings of this case are presented herein.
INTRODUCTION
Background on the Disease Vulvar cancers represent 5% of gynecologic cancers and <1% of all cancers in women (PDQ Adult Treatment Editorial Board 2017) . Approximately 90% of vulvar cancers are squamous cell carcinomas, the majority of which are associated with high-risk human papilloma virus (HPV) (Del Pino et al. 2013) . Vulvar adenocarcinomas, which include primary tumors and metastases to the vulva (Neto et al. 2003) , account for most of the remaining vulvar cancers and are not associated with HPV. The differential diagnosis of vulvar adenocarcinomas is complex, including primary adenocarcinomas (mammary-like adenocarcinoma, mucinous carcinoma, adenoid cystic carcinoma, Bartholin gland adenocarcinoma, and carcinoma arising from extramammary Paget disease [EMPD] ) and metastatic disease. Metastatic disease forms 5%-8% of all vulvar cancers (Neto et al. 2003) .
Mammary-like adenocarcinomas of the vulva (MLAV) are rare primary vulvar cancers that resemble primary breast carcinomas (Alligood-Percoco et al. 2015) . They are locally aggressive tumors that frequently recur and have lymph node metastasis in ∼60% of cases (Abbott and Ahmed 2006) . MLAV are thought to arise from mammary-like glands in the vulva. These glands were first reported in 1875 (Hartung 1875) , and at the time were thought to be supernumerary breast tissue remnants located along the milk lines. Current understanding suggests they are modified vulvar eccrine glands that can give rise to a variety of tumors including vulvar adenocarcinomas (van der Putte 1994) . Treatment guidelines are traditionally the same across vulvar carcinomas, but new evidence suggests the transposition of some of the preexisting diagnostic and treatment approaches for breast carcinomas to mammarylike adenocarcinomas of the vulva (McMaster et al. 2013) ; these include sentinel node biopsy and molecular subtyping combined with adjuvant therapy (Abbott and Ahmed 2006; Perrone et al. 2009; Kazakov et al. 2011; Butler et al. 2014; Tessier-Cloutier et al. 2017) .
Here we present a case study of a poorly differentiated vulvar adenocarcinoma, which was subsequently reclassified as a HER2
+ MLAV upon genomic analysis. We present the initial pathology, genomic findings, confirmatory immunohistochemistry (IHC), and clinical follow-up after treatments based on the revised genomics-based diagnosis. To our knowledge, this is the first case of an MLAV described with detailed whole-genome and transcriptome sequencing analysis. This case highlights the utility of genomics-guided tumor-type characterization in confirming differential diagnosis for vulvar adenocarcinoma with mammary-like origins and suggests the potential for using genomic characterization to guide the staging and diagnostic histopathology of poorly differentiated tumors that often have indeterminate histologic or immunohistochemical findings. To this end, this study provides the first integrative genomic analysis of a mammary-like adenocarcinoma arising in the vulva and provides insights into the mutational status of such tumors.
Clinical Background
A 60-yr-old woman presented with a bleeding vulvar mass. There was no family history of cancer malignancies. Multiple masses were noted on physical examination, specifically a 2.5 cm firm right labium maius mass, a 2.5 cm bleeding vaginal introital mass, and bilateral inguinal lymphadenopathy up to 3.0 cm. The entire vulva was "desquamated," but no specific skin lesion associated with the right labium maius mass was noted nor any proximity to the Bartholin gland. The largest lymph node was a left external iliac lymph node measuring 3.6 cm. No breast masses were identified in the physical examination. Furthermore, the patient reported that a history of remote mammograms had shown no malignancy. Bilateral mammograms were also negative for breast malignancy. Chest X-ray showed no metastatic pulmonary disease. Positron emission tomography/computed tomography (PET/CT) scans showed a hypermetabolic mass in the medial aspect of the right labium maius (3.2 × 2.1 cm, maximal SUV 24.0) and an adjacent FDG-avid circumferential mass in the vaginal introitus (3.0 × 2.0 cm, maximal SUV 23.6). No other potential sites for a primary tumor were identified. The uterus was enlarged but showed physiologic uptake. The clinical and radiologic findings were consistent with stage IV vulvar cancer with metastatic disease to the bilateral inguinal, retrocaval, external iliac, and common iliac lymph nodes. An initial vulvar biopsy was taken at this point and pathology findings reported "poorly differentiated infiltrating carcinoma, favor [sic] poorly differentiated adenocarcinoma" (see Pathology analysis).
The patient was treated with four rounds of carboplatin and paclitaxel. Repeat imaging by PET/CT demonstrated response in all areas except for the inguinal lymph nodes. Subsequently, radiotherapy was delivered to the entire field of disease involvement at baseline, with radiotherapy boosts delivered to the still FDG-avid inguinal lymph nodes. At the 6-wk follow-up appointment following the completion of radiotherapy, a large left supraclavicular lymph node was palpated, and a fine needle aspirate (FNA) confirmed this to be a poorly differentiated adenocarcinoma consistent with metastatic vulvar adenocarcinoma.
In the absence of subsequent standard treatment options, the patient was enrolled in the Personalized OncoGenomics (POG) Project at the BC Cancer Agency (BCCA) to identify potentially actionable targets and to validate the pathology diagnosis of vulvar adenocarcinoma. No additional genetic testing was done, and no other treatment was received between the initial vulvar biopsy and presentation of metastasis in the left supraclavicular lymph node or during the genomic analysis. The sample from the metastatic mass in the left supraclavicular lymph node (subsequently referred to as the recurrence biopsy) was submitted to POG for sequencing and analysis. A detailed clinical time line is provided in Supplemental Table 1 .
Pathology Analysis

Pathology of Initial Vulvar Biopsy
The tumor was composed of nests and cords of large pleomorphic epithelioid cells with hyperchromatic nuclei and showed no definite gland formation, papillary structures, or intraluminal vacuoles. However, there were occasional cells showing possible signet-ring features and intraluminal vacuoles. Mitotic figures were easily identified. No overlying epidermis or normal mammary-like glands were present. IHC performed at the receiving hospital revealed that the tumor was positive for CK7 and Ber-EP4 and negative for CEA, CK5, CK20, MART-1, and S100. PAS-diastase was negative for definite intraluminal murin. Summarily, in the initial assessment of the vulvar biopsy, the poorly differentiated morphology and the nonspecific immunoprofile resulted in a broad differential diagnosis, including poorly differentiated vulvar squamous cell carcinoma, poorly differentiated vulvar adenocarcinoma (Bartholin gland adenocarcinoma, MLAV, or adenocarcinoma arising from extramammary Paget disease), and metastatic adenocarcinoma (from the gastrointestinal tract or other gynecologic organs) and melanoma.
Post-Genome Pathology Analyses
Subsequent to the genomic analysis favoring a diagnosis of mammary-type carcinoma (described below), follow-up validation stains were performed at the BCCA. This validation work was carried out on the initial vulvar biopsy and on a repeat aspirate from the left supraclavicular lymph node.
IHC Validation-Vulvar Biopsy. The initial vulvar biopsy was reviewed at the BCCA, and additional IHC was done. This revealed that the tumor was negative for ER, PAX8, GCDFP-15 and mammaglobin, and focally positive for vimentin. The negative CEA, GCDFP-15 and PAS-diastase were against a diagnosis of adenocarcinoma arising from EMPD. The negative CK5 was against squamous cell carcinoma. The negative ER, GCDFP, and mammaglobin were against luminal A/B-types of primary MLAV. The negative PAX8 and CK20 were against metastatic gynecologic and lower gastrointestinal tract carcinomas, respectively. The negative MART-1 and S100 were against melanoma. The BCCA established that based on the clinical, histologic, and immune-phenotype findings, the patient had a poorly differentiated carcinoma.
IHC on the initial vulvar biopsy for HER2, the protein product of the ERBB2 gene, was equivocal (score 2+; Fig. 1 ). This prompted reflex testing for HER2 amplification with fluorescent in situ hybridization (FISH) testing. FISH showed HER2/CEP17 ratio of 2.0 with 20 cells counted and an average HER2 copy number per cell of 6.35, with an average CEP 17 copy number per cell of 3.2. This is considered to be HER2 positive as per the 2013 ASCO/CAP guidelines, which require "complete, intense staining" of the circumferential membranes of >10% of tumor cells (Wolff et al. 2013) .
Validation-Repeat FNA of the Recurrence Site. An initial FNA of the supraclavicular lymph node showed poorly cohesive irregular glandular clusters of pleomorphic malignant cells consistent with metastatic adenocarcinoma. IHC of a repeat FNA of this lymph node demonstrated that the sample was strongly positive for GATA3, a relatively recent marker for mammary carcinoma (Miettinen et al. 2014 ). HER2 IHC was positive (score 3+) based on 30% of tumor cells showing strong circumferential membranous staining. ER was negative, as was the case with the initial vulvar biopsy. Therefore, the clinical, pathologic, immunophenotypic and genetic findings for the initial vulvar biopsy and supraclavicular lymph node metastasis were consistent with high-grade, ER -, HER2
+ MLAV.
Exclusion of EMPD as a Differential Diagnosis
HER2 overexpression can also be observed in adenocarcinomas arising from EMPD. A 2005 study of patients with mammary and extramammary Paget disease observed coexpression of 
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ERBB2 and AR in 88% (51/58) of the cases with mammary Paget (Liegl et al. 2005) ; the genomic analysis for this case also found high expression of ERBB2 and AR. With this observation in mind, invasive carcinoma arising from primary EMPD, rare anogenital tumors with proposed precursors that include Toker cells, pluripotent germinative cells, eccrine or apocrine glands, and mammary-like glands (Willman et al. 2005; Kazakov et al. 2011 ), were considered for differential diagnosis during the validation pathology workup for the recurrence. The positive staining for CK7, GATA3, and HER2 and the negative staining for ER overlap with previous reports of EMPD (De Leon et al. 2000; Perrotto et al. 2010; Richter et al. 2010; Morbeck et al. 2017 ). However, CEA, a nonspecific immunostain that is positive in most cases of primary EMPD (Brown and Wilkinson 2002) , was negative in this patient's tumor. Furthermore, the overlying epidermis was not seen in the vulvar biopsy. Thus, the presence of pagetoid cells, which are necessary for the diagnosis of Paget disease and carcinomas arising therein, could not be assessed. This further supports the diagnosis of MLAV.
Genomic Analyses
The recurrence sample was submitted for whole-genome and transcriptome-sequencing and analyses. In the absence of standard treatment options for the patient, the aim of this exercise was to (a) identify potentially actionable genomic targets and (b) clarify the diagnosis and evaluate the validity of the initial diagnosis as vulvar adenocarcinoma. A constitutional blood sample and tumor from the lymph node biopsy were sequenced to a redundant sequence coverage depth of 43-fold and 90-fold, respectively. A transcriptome of 291 million sequence reads was also generated from the same tumor sample. The genomic and transcriptomic findings indicated the cancer was a mammary-like adenocarcinoma (see Results-Genomic Analyses). The association of specific genomic events and transcriptomic changes with breast cancer was confirmed upon detailed literature review and integrative analysis.
RESULTS
Genomic Analyses
Single-Nucleotide Variants
Comparison of sequencing results from the tumor and constitutional sample detected 375 nonsynonymous single-nucleotide variants (SNVs) and 15 insertion/deletion events (indels), 16 of which were considered to be of biological and/or clinical interest (summarized in Table  1 ). Notably, a previously described gain of function (GoF) mutation was observed in ERBB2 (p.S310F). The S310F mutation has been identified in several cancers, including breast, lung, and ovarian (Herter-Sprie et al. 2013) . The mutation focus is highlighted in Figure 2A . Lossof-function (LoF) mutations were also observed in tumor suppressor genes TP53 and RB1.
Variants of unknown significance (VUS) were noted in PIK3CA, AKT3, and GNAS (Table 1) .
Copy-Number Variants
A triploid model with an estimated 68% tumor content was inferred based on the prediction of allelic imbalance and loss of heterozygosity in the sample (see Methods). Copy-number variants are estimated with respect to this ploidy model. Focal copy-number amplifications were detected on Chromosomes 2, 8, 9, 17 and X. Of particular interest, copy-number gains were observed for ERBB2, AKT3, PIK3CA, CDK1, CCNB1, and AR. Loss of heterozygosity (LOH) events were detected for the tumor suppressors BRCA2, RB1, and TP53, resulting from a single copy loss. Furthermore, RB1 and TP53 had LoF mutations in the two remaining (homozygous) copies. These findings are summarized in Table 2 , and the ERBB2 amplification is highlighted in Figure 2B . Copy-number variants associated with other SNVs are listed in Supplemental Table 2 . 
Structural Variants
De novo assembly of the genome and transcriptome was performed to identify structural rearrangements of potential biological and clinical significance. However, none were detected.
Transcriptome Analysis
A pairwise correlation analysis of the sample's transcriptome was undertaken to identify the closest correlated cancer type for the tumor from across 27 different tumor types available from The Cancer Genome Atlas (TCGA; see Methods) (The Cancer Genome Atlas Research Network 2013). The tumor sample correlated most strongly with the breast cancer data set (Fig. 3A) . Based on this observation, we replicated the PAM50 test by selecting the PAM50 set of genes for correlating the sample's transcriptome against TCGA breast cancer samples with known BRCA molecular subtype status (PAM50). Consistent with the amplification and gain-of-function mutation in the ERBB2 gene, the tumor sample correlated the highest with the HER2 enriched and Luminal B subtypes (Fig. 3B) . Based on the findings from the transcriptome-wide correlation analysis, the genomic events and RNA-level enrichments were considered against a background of breast cancer. A fold-change value for each gene was calculated against a normal breast tissue transcriptome (Illumina Human BodyMap 2.0) and a percentile rank of expression calculated in comparison to the breast cancer cohort from TCGA. Expression outliers were identified and evaluated in conjunction with mutational status, copy-number state, and known biological function. Nine genes of interest were identified having gains of more than three copies each, and also ranked in the 98th-100th percentile versus TCGA breast cancers (summarized in Table 2 ). Of particular interest among these genes were ERBB2 (98th percentile), CDK12 (99th percentile), AR (100th percentile), and CCNE2 (100th percentile). The extreme outlier expression of ERBB2 (33-fold overexpression, 98th percentile of BRCA) combined with the observed of the gain of function mutation (p.S310F) and estimated five copy gain (Fig. 2) further supported a diagnosis of a HER2 + mammary-like cancer and identified HER2 as a likely driver of the disease.
Mutational Signatures
WGS mutational data were compared against previously cataloged mutational signatures (Ju et al. 2017) . A strong APOBEC signature was observed (Signatures 2 and 13). The APOBEC family of cytidine deaminases generates mutations of a specific pattern (the APOBEC signature mutation pattern), which has been reported in several cancers (Roberts et al. 2013) . APOBEC activation has been associated with HPV; however, screening for microbial and viral sequences was negative for any microbial contaminants and no evidence for genomic integration of HPV was detected.
Clinical Interpretation
The reclassification of the cancer to a mammary-like adenocarcinoma and the overexpression of a clearly targetable protein (HER2) led to the patient being treated with standard therapies for metastatic HER2 + breast cancer. The patient received vinorelbine, trastuzumab, and pertuzumab, followed by capecitabine and lapatinib. The patient had a poor clinical response to all targeted therapies tried, at best achieving short-term disease stabilization but never achieving disease regression (summarized in Supplemental Table S1 ). The patient passed away 2 yr and 5 mo after her initial diagnosis. 
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DISCUSSION
Differential Diagnosis
The diagnosis and classification of vulvar adenocarcinomas is a complicated and understudied area, as this is a rare histologic subtype of vulvar cancers. The differential 
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Molecular Case Studies diagnoses include MLAV, adenocarcinoma arising from EMPD, mucinal carcinoma, Bartholin gland adenocarcinomas, and metastatic adenocarcinomas from various sites. In our case, the clinical, radiologic, and histologic features indicated a poorly differentiated (high-grade) primary vulvar adenocarcinoma. The patient was enrolled in the BCCA POG program upon the development of new metastases, with the two aims of characterizing the underlying genomics of this poorly differentiated cancer and identifying actionable therapeutic targets.
The bioinformatics analysis findings indicated the patient's tumor was most consistent with a HER2 + breast cancer profile. Additional genomic events, specifically the GoF S310F mutation in ERBB2, the LoF mutations combined with LOH in TP53 and RB1, and the coexpression of ERBB2 and AR at high levels, pointed to a mammary-like cancer. Post hoc histopathologic investigations on the initial biopsy and a repeat aspirate from the supraclavicular lymph node site corroborate the determinative finding of HER2 overexpression from the bioinformatics analysis, and supported the diagnosis of MLAV.
A recent IHC study showed that MLAV can be classified into four breast intrinsic subtypes, including a HER2 + /ER − group (Tran et al. 2015; Tessier-Cloutier et al. 2017 ). Here we note that during the initial pathology workup for the vulvar biopsy for this cancer, the diagnosis of MLAV was not favored on the basis of ER, mammaglobin, and GCDFP-15 negativity. However, primary breast carcinomas with high nuclear grade are mostly ER − (Nadji et al. 2005) , and a recent study has proposed GATA3 as a more sensitive marker for HER2 + /ER − breast carcinomas than mammaglobin and GCDFP-15 (Tang et al. 2017) . GATA3 was positive in the recurrence sample, which supports the conclusion that this tumor is mammarytype. The analyses presented herein are consistent with this body of evidence and confirm that ER negativity is consistent with the diagnosis of HER2 + MLAV.
Implications of Genomic Analyses
Here we highlight some interesting observations arising from the integrative genomic analysis of this case and their implications thereof on the selection of therapy. These findings also highlight the potential of this approach for identifying additional candidates for histopathology diagnostics. AR overexpression is found in 60% of breast cancers and is generally observed more frequently in ER + breast cancers than ER -ones-previous research has indicated a positive association with survival in ER + breast cancers (Micello et al. 2010; Pietri et al. 2016) . On the other hand, AR expression is significantly correlated with HER2 expression in ER -breast cancers, and a proliferative role for AR has been suggested recently in ER -, HER2 + patients (Micello et al. 2010; Pietri et al. 2016) .
These recent findings support our observations, and additionally suggest the utility of considering AR expression in the diagnosis of mammary-like carcinomas.
A strong APOBEC signature is associated with HER2 + breast cancers and, because of its association with PDL1, has been positively correlated with response to immunotherapy in other cancers (Morganella et al. 2016) . However, at the time of this analysis, immunotherapy was not available as an accessible line of treatment and was not pursued further (Mullane et al. 2016) .
This case study demonstrates the utility of an integrative genome-and transcriptomewide analysis to complement histopathology and to guide the selection of additional diagnostic tests, especially in scenarios where morphologic assessment of the tumor mass is insufficient in providing a confident diagnosis or where the immunophenotype of certain cancer types is not well known. An overexpression of CDK2 and a high-percentile expression of CCNE2 were observed in the recurrence sample's transcriptomic analysis. These have been suggested as potential resistance markers for trastuzumab (Scaltriti et al. 2011; Ichikawa et al. 2012; Tormo et al. 2017) , and we can speculate on their potential role in rendering the treatment ineffective.
METHODS
Ultrasound-guided core-needle biopsies were obtained for the POG study. FISH assays and IHC were performed by the clinical laboratories at the BCCA according to established protocols. The rabbit monoclonal antibody to HER2 (clone 4B5; Ventana Medical Systems) was used for HER2 protein staining. Immunostaining was performed on the Ventana Benchmark Ultra automated system (Ventana Medical Systems) with 36 min of ULTRA CC1 before being incubated with the prediluted HER2 antibody for 8 min at 36°C. The ultraView DAB detection kit was used with an ultraWash step.
RNA and DNA were extracted and sequence libraries constructed using standard protocols (summarized in Table 3 ). Sequencing was performed on an Illumina HiSeq2500 platform at Canada's Michael Smith Genome Sciences Centre (GSC). One microgram each of DNA from normal blood and tumor biopsy were separately used as input to the GSC PCR (polymerase chain reaction)-free whole-genome sequencing protocol, and sequenced to 43× and 90× coverage, respectively. Of note, 1.725 μg of total RNA from the tumor was treated with the strand-specific messenger RNA sequencing protocol and sequenced to a total of 291 million reads. The reads were aligned to the GRCh37 reference human genome using BWA v0.5.7 (Li and Durbin 2010) . Duplicate reads were marked using Picard (v1.38, https:// github.com/broadinstitute/picard). Microbial and viral integration detection analysis was done using an in-house pipeline and BioBloom Tools (BBT) (Chu et al. 2014) . WGS variants identified using SAMtools v0.1.7 mpileup (Li et al. 2009 ). The tumor and normal samples were compared with identify somatic events. SNVs were called using Strelka v0.4.62 (Saunders et al. 2012 ) and mutationSeq v1.0.2 . Strelka v0.4.62 was also used to called small insertions and deletions. The somatic variant annotation was done with the Ensemble database (v69), and the effect calculation was assisted by annotations from SnpEff 3.2 (Cingolani et al. 2012) , COSMIC v64, and dbSNP v137. LOH events and tumor content were estimated with APOLLOH v0.1.1 (Ha et al. 2012) . Copy-number variants were identified using CNAseq v0.0.6 (https://www.bcgsc.ca/platform/bioinfo/software/cnaseq).
RNA-seq data were analyzed using JAGuaR v2.0.3 . The RNA-seq data were subsequently processed by an in-house pipeline for whole-transcriptome shotgun sequencing (WTSS) coverage analysis, to yield exon-and transcript-level read counts and normalized gene expression values (reads per kilobase of transcript per million mapped reads, RPKM). Gene-level RPKM values were then calculated based on a collapsed gene model. Fold change for each gene was calculated by dividing each gene's RPKM value against an average of the RPKM values for the gene in a compendium of adjacent normal tissue samples from the Illumina Human BodyMap 2.0 project. A percentile ranking of the RPKM of each gene against the compendium of breast cancer transcriptomes from TCGA was used to identify genes with aberrant expression and to prioritize genes of interest. 
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Molecular Case Studies
Expression correlation analysis for tumor typing was undertaken relative to the entire set of normal and tumor transcriptomes in TCGA. Two-way ANOVA was used to select a set of 3000 genes that were the most informative in explaining patterns of variance between tumor types within TCGA. A spearman correlation was calculated for this set of genes from the tumor sample against each TCGA sample. These pairwise correlations were clustered by the disease status of the TCGA samples (tumor or normal) and the type of cancer of the TCGA sample. The cancer set with the highest correlation was determined to be representative of the closest cancer type for the sample.
ADDITIONAL INFORMATION Data Deposition and Access
The whole-genome sequencing and RNA-seq data for this case are available as .bam files from the European Genome-phenome Archive (EGA; www.ebi.ac.uk/ega/home) as part of the study EGAS00001001159, accession ID EGAD00001002590. Variants have been submitted to ClinVar (http:www.ncbi.nlm.nih.gov/clinvar/) and can be accessed under the accession numbers SCV000598654 and SCV000598653.
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